ABSTRACT.-The amphipod Gammarus pseudolimnaeus is abundant throughout most of the length of two small streams on the coastal plain of Virginia, but is absent from their upper reaches. The streams begin as very dilute springs but exhibit a downstream gradient of increasing dissolved ions and pH. Amphipods displaced upstream of their distribution limit in fine-mesh cages experienced rapid mortality compared to those maintained downstream of the limit, suggesting that neither interspecific competition nor predation explains the observed limit. General osmoregulatory failure during intermolt was not limiting; percent body-water content, a general gauge of osmotic stress, was not greater in amphipods closer to the distribution limit, nor did it increase in amphipods displaced above the limit. However, newly molted amphipods in water from above the distribution limit died more rapidly than those in water from below the limit. The addition of Ca 12 to water from above the limit increased postmolt survival to levels observed in those maintained in water from below the limit; raising pH had no effect on postmolt mortality. Insufficient ambient calcium is a limiting factor in the distribution of G. pseudolimnaeus.
INTRODUCTION
Freshwater amphipods are widely distributed among diverse habitats. With densities that may exceed 10,000/m 2 (Pennak, 1989) , they often form an important link between primary and secondary production (Hanson and Waters, 1974) . However, relatively few studies have examined the environmental conditions affecting or limiting their distributions. Most studies either are purely descriptive of ranges, or suggest connections between distribution and chemical factors (e.g., alkalinity, pH, calcium, magnesium, conductivity) without determining if those factors are actually limiting.
One of the most commonly mentioned factors is dissolved calcium. The distribution of at least one species from most orders of freshwater animals has been associated with this ion (Macan, 1961) . Calcium is important for intracellular processes and, in many aquatic animals, for maintaining an impermeable membrane (Rasmussen and Bjerregaard, 1995; Macan, 1961; McDonald, 1983) . In some crustaceans it is also important for hemocyanin oxygen-binding properties (Mangum, 1983; Taylor and Spicer, 1986 ) and for hardening the exoskeleton (Hilton et al., 1984; Stevenson, 1985) . The distributions of the gammarid amphipods Gammarus minus (Say), G. fossarum (Koch), G. roeseli (Gervais) and G. pseudolimnaeus (Bousfield) have been correlated with calcium (Schrimpff and Foeckler 1985; Glazier and Gooch, 1987; Mahon, 1997) . However, Sutcliffe and Carrick (1973) suggested that bicarbonate, which is often associated with calcium, is more important than calcium to the distribution of G. pulex (L.) Freshwater invertebrate diversity generally declines with lower pH (Okland and Okland, 1986; Schell and Kerekes, 1989) ; crustaceans appear to be especially acid intolerant (Havas and Hutchinson, 1983; Okland and Okland, 1986) . Among amphipods, the following lower pH limits have been reported: Gammarus pulex, 5.7 (Sutcliffe and Carrick, 1973; Otto and Svensson, 1983 ), although one survey described this species occurring at 4.5 (Pinkster, 1972) ; G. lacustris (Sars), 6.0 (Okland and Okland, 1986) ; G. minus (Say), 6.0 (Glazier et al., 1992) ; Hyalella azteca (Saussure), 5.6 (Stephenson and Mackie, 1986; Grapentine and Rosenberg, 1992) .
Associations between chemical factors and species distribution can be inferred from survey data, but the covariance of many factors and the interaction among factors make interpretation difficult. Although H 1 ion concentration is commonly cited as limiting to the distribution of many organisms, the threshold where deleterious effects manifest in any given species is influenced by the chemical and physical background. For example, increased dissolved humic materials reduced the mortality of Gammarus pulex in acidic water (Hargeby and Petersen, 1988; Hargeby, 1990) . Increased sodium concentration ameliorated the toxic effects of low H 1 concentration on G. fossarum (Meinel et al., 1985) and calcium level may be especially important in relation to H 1 concentration in many animals (Okland and Okland, 1985) . Therefore, manipulative experiments are important for interpretation of survey results.
The experiments described here address potential factors preventing the amphipod Gammarus pseudolimnaeus from occupying the dilute upper reaches of two small streams. We first conducted displacement experiments to discriminate between the general hypotheses that interspecific factors (e.g., predation, competition) vs. other (physiological) factors are responsible for the observed distribution limit. Then we conducted field and laboratory experiments measuring body-water content to test the hypothesis that general osmoregulatory failure limits upstream movement of amphipods. Crustaceans living in dilute media compensate for osmotic influx by increasing the volume of urine production at the antennal gland (Mantel and Farmer, 1983) . Body-water content has been used as an indicator of osmotic stress since, below a threshold ambient osmolarity or below a threshold pH, increased osmotic influx can overwhelm urine production, resulting in increased body-water content (Sutcliffe, 1971; Hargeby and Peterson, 1988; Hargeby, 1990 ; but see Glazier et al., 1992) . We hypothesized that, if general osmotic failure accounted for the absence of G. pseudolimnaeus above the distribution limit, a nonlethal trend involving increasing water content might occur in an upstream direction toward the distribution limit. Also we hypothesized that body-water content would increase in amphipods maintained above the distribution limit or in water from that area of the stream.
With the loss of the exoskeleton during ecdysis, permeability to water increases dramatically (Lockwood and Inman, 1973) probably resulting in significant osmotic stress (Hargeby and Petersen, 1988) . The rate of calcium uptake after ecdysis is dependent on ambient calcium level (Wright, 1980; Alstad et al., 1999) and pH (Malley, 1980) . Therefore, we tested the hypotheses that low calcium concentration or high H 1 ion concentration lead to death at ecdysis.
Taxonomic note.-Our amphipods closely match published descriptions (Holsinger, 1976; Pennak, 1989) of Gammarus pseudolimnaeus. Habitat description (''chiefly in springs and streams'') is also similar to our observations. However, this species previously has been documented only in Great Lakes and upper Mississippi River drainages, with a possible occurrence in Maryland (Holsinger, 1976) . Our population, which is now known to be common in suitable habitat within a fairly large area of southeastern Virginia, is apparently far disjunct (both in actual distance and in terms of major continental drainage systems) from the previously known populations. Until the exact taxonomic status of our population is described, its proper reference should probably be Gammarus (near) pseudolimnaeus (J. Holsinger, Old Dominion University, pers. com.). However, for convenience we will refer to it here as G. pseudolimnaeus. For future reference, specimens from our study streams have been deposited in the aquatic invertebrate collection housed in the W. M. Keck Field Laboratory on the campus of the College of William & Mary, Williamsburg, Virginia.
METHODS
Study area.-The two study streams, Berkeley and Pogonia (see Mahon, 1997) , are located on the coastal plain of Virginia within a forest preserve, on the campus of The College of William & Mary. Both arise as springs and flow about 900 m (Berkeley Stream) and 700 m (Pogonia Stream) before entering a small lake. Both have a very low flow over mostly firm sandy substrate, and vary throughout from 0.3 m to 8 m wide with depths generally less than 10 cm. Dissolved oxygen is generally near saturation, but the streams have a steep gradient of dissolved ions, with specific conductance ranging from 12 to 250 lmhos/cm from source to lake. Calcium varies from ,1 to 60-80 mg/l Ca 12 , and pH from about 6.0 to 7.4.
Gammarus pseudolimnaeus is abundant throughout most of the length of both streams; however, in the upper reaches of both it declines from abundant to absent over a very short distance of only 3-4 m (Mahon, 1997) . This area will be referred to as DL (distribution limit); sites above and below this area will be referred to as, respectively, ADL (above distribution limit) and BDL (below distribution limit). The DL in both Berkeley and Pogonia Streams is low in dissolved ions with specific conductance of approximately 49 and 28 lmhos/cm, respectively ( Table 1 ). The exact location of each area and the associated chemical conditions tend to remain very constant throughout the year and throughout periods of varying rainfall. There are no obvious changes in stream or forest structure at the DL.
Although Gammarus pseudolimnaeus is by far the dominant macroinvertebrate (both numerically and by weight) in these streams, approximately 35 family-level taxa occur, most in only very small populations. However, the ephemeropteran (mayfly) Stenonema sp. (Heptageniidae) is common throughout most of each stream, and the plecopteran (stonefly) Eccoptura xanthenes (Perlidae) is common in the upper areas of each, including those areas where G. pseudolimnaeus does not occur. Fishes are not present in either stream.
General field and laboratory methods.-Amphipods were collected by placing leaf litter into a sieve and retrieving captured individuals. All amphipods used for experimentation were unsexed adults ranging from 8 to 14 mm in length. In the laboratory the light cycle was kept at 14L:10D, with a temperature maintained at 20 C. Before any laboratory experimentation, amphipods were maintained for 3 d within natural densities in a 45 liter tank containing water and detritus from the collection site. Chemical determinations were made as follows: calcium analyses were performed using the Hach Chemical Company's digital titration method; specific conductance measurements were made using a Fisher Traceable conductivity meter; pH was determined with a two point calibration of a Fisher Accumet Model 5 meter.
Displacement.-Displacement experiments were carried out to determine if interspecific or physiological factors prevent upstream colonization by Gammarus pseudolimnaeus. One experiment was performed in Berkeley Stream (June, 1996) and two in Pogonia Stream (May, 1996; August, 1996) . Cages for amphipods were made using covered plastic boxes, 22 3 15 3 5 cm, with 8 3 2 cm openings cut into opposite ends and covered with 2 mm fiberglass insect screen held in place with silicone sealant. In each experiment amphipods were collected approximately 250 m below the DL in the respective stream; twenty amphipods were placed in each box. Two boxes were placed at the collection site, held in place with a brick and oriented with the openings in the direction of flow. These boxes controlled for the general effects of handling and confinement. To control for possible effects of displacement per se, two other boxes were placed 4 m below the DL where amphipods are still abundant. The remaining two boxes were placed approximately 40 m above the DL where amphipods are absent. Boxes were checked every 5-8 d for 32 d; at each check the boxes were emptied into a sieve and the number of surviving amphipods was determined. Although food was not provided, early inspections confirmed that boxes quickly accumulated substantial amounts of small detritus particles that amphipods readily consume, as determined in other observations.
Water balance.-Measurements of body-water content were made to determine if general osmoregulatory failure limits the upstream movement of amphipods. We collected 30 amphipods from each of three sites in Berkeley Stream: 350 m below the DL (specific conductance 5 175 lmhos/cm), 150 m below the DL (120 lmhos/cm) and 15 m below the DL (93 lmhos/cm). The amphipods were brought to the laboratory, randomly paired (to provide sufficient mass for accurate weighing) and blotted dry with absorbent paper. Pairs were weighed to the nearest 0.1 mg within 60 s of removal from water. Preliminary studies checked potential mass loss due to desiccation over this time, and to blotting variation. Mass loss at 60 s averaged ,0.01%. Blotting error was tested by removing an amphipod from water, blotting and weighing it, returning the individual to water for 5 min, then repeating the procedure; differences averaged ,0.05%. The pairs were dried for 24 h at 50 C and weighed again to determine percent water content.
In a field displacement experiment we tested whether body-water content increases in animals maintained in the unoccupied area of the stream above the DL. In the field, 60 amphipods were collected from Berkeley Stream, 100 m below the DL (specific conductance 5 109 lmhos/cm), and randomly distributed between two flow-through cages (described above). One cage was placed at site BDL, where amphipods are common (Table  1) , the other at site ADL where amphipods are absent. Both were retrieved after 5 d, since preliminary observations indicated that amphipods in ADL water began to experience significant mortality after that time. Surviving amphipods were weighed, dried and reweighed as described above. Additionally, 60 amphipods were collected in the same way and maintained in aquaria in the laboratory for 5 d in either BDL or ADL water, then treated as above to determine water content.
Chemical manipulation.-These experiments tested the hypotheses that low Ca 21 or high H 1 concentrations result in mortality at the time of molt. Control treatments consisted of unaltered ADL and BDL water, collected at the sites indicated in Table 1 . In one treatment, pH of ADL water was raised by the addition of NaHCO 3 to levels empirically observed to support amphipods a short distance below the DL. In another treatment, calcium concentration was increased by the addition of CaCl 2 . The addition of NaHCO 3 or CaCl 2 increased the osmolarity of the water, thereby reducing the osmotic gradient between amphipod and medium; this could have reduced mortality, confounding results. Therefore, a procedural control was performed by adding NaCl to ADL water sufficient to match or exceed the total number of ions introduced in either of the two experimental treatments. The addition of CaCl 2 or NaCl did not significantly alter the pH of the ADL water in any of the experiments. Two replicates were performed using amphipods and water from Berkeley Stream. In the NaHCO 3 treatments, pH was raised to 6.7 in one and 6.9 in the other; in the CaCl 2 treatments the calcium was raised to 10.6 mg/l Ca 12 in both. An additional single experiment was performed using amphipods and water from Pogonia Stream; pH was raised to 6.6 and calcium to 10.6 mg/l Ca 21 . In all experiments this level of Ca 21 was obtained by adding CaCl 2 to a final concentration (for exogenously added calcium) of 0.26 mM. The complete dissociation of CaCl 2 in dilute solution produces three osmotically active ions per molecule. This was balanced in the procedural control by adding NaCl to a final concentration (exogenous NaCl) of 0.39 mM.
For each experiment 100 amphipods were collected 100 m below the DL. Twenty amphipods were randomly assigned to each of five treatment groups (unmodified BDL water, unmodified ADL water, ADL water plus CaCl 2 , ADL water plus NAHCO 3 , ADL water plus NaCl). Amphipods were maintained individually in jars (50 mm diameter, 200 ml volume) with 100 ml of the given water. An 8 mm disc of partially decayed beech leaf was placed in each jar as a food source; such material is a common component of the study streams' detritus. The treatment water was changed daily, with the leaf material changed every other day. Molts and deaths were recorded daily, with molted individuals followed until their death or until 14 d had elapsed from the molt.
Statistics.-Nonparametric survival analysis was applied to the displacement results. The Kaplan-Meier product limit method was used to estimate cumulative survival probabilities, which were compared using the method of Tarone and Ware (1977) . This rank based test is powerful across a wide range of alternatives including data where the assumption of proportionality of the hazard function between treatments is met, but the value of h (proportionality constant) varies with time, as was the case for some of the data. Within each experiment three tests were performed and a was adjusted to 0.017 to maintain an experimentwise error rate of 0.05.
For all parametric statistics homoscedasticity was confirmed using Levene's test and a plot of the residuals was examined for deviations from normality. Unpaired t-tests were applied to the water balance results with the exception of the field water content survey, which contained three treatments. An ANOVA was applied to those data, followed by Tukey's multiple comparisons with adjustments of standard error for unequal sample sizes and reduced a for repeated tests (Zar, 1996) .
In the chemical manipulation experiments, following log 10 (X11) transformation to obtain homoscedastic data, postmolt survival was analyzed by ANOVA. The two Berkeley Stream experiments were combined in a two-way ANOVA with experiments and treatments as factors with two and five levels, respectively. The data were collapsed across experiments before applying Tukey's multiple comparisons with standard error adjusted for unequal sample sizes. Log 10 (X 1 1) transformed data from three treatments of the single Pogonia Stream experiment were analyzed with a one-way ANOVA. Data from the NaCl 354 148(2) THE AMERICAN MIDLAND NATURALIST and NaHCO 3 treatments were excluded from this analysis because all molting amphipods died within 1 d after molt, providing an estimate of variability of 0, precluding their inclusion in an ANOVA. Multiple comparisons were made using Tukey's test with SE adjusted for unequal sample sizes. Kaplan-Meier/Tarone-Ware survival analysis was used to test for differences in survival among nonmolting amphipods.
RESULTS
Displacement.-Results from the displacement experiments in each of three months were very similar with 100% mortality of ADL transfers by day 32 (Fig. 1) . Amphipods returned to the site of collection or displaced to just below the DL exhibited little mortality over the 32 d observation period. In contrast, amphipods displaced above the DL exhibited steady mortality until all were dead by the end of the period. Kaplan-Meier/Tarone-Ware survival analysis detected no differences in survival between amphipods at the collection site and those just below the DL for the Pogonia Stream experiments (May: v Water balance.-Body-water content of amphipods collected from three sites, 350, 150 and 15 m below the DL, was measured. Random pairing of the 30 amphipods collected from each site gave a sample size of 15 per site. A one-way ANOVA was applied to the wet weight of the survivors. Significant differences in water content were detected among amphipods from the three collection sites (F 2, 42 5 7.23, P 5 0.02). Multiple comparisons were performed with Tukey's test. Amphipods collected from 350 m and 150 m below the Berkeley Stream DL did not differ significantly in water content (Mean AE SD: 71.5 AE 2.0%, 72.4 AE 2.2%, respectively; q 5 1.65, P 5 0.45); those collected at 15 m below the DL had a water content of 69.7 AE 1.9%, which is significantly lower (opposite the prediction) than those collected 150 m below the DL (q 5 5.26, P 5 0.002) and those collected at 350 m below the DL (q 5 3.61, P 5 0.004).
In the field displacement experiment 24 of 30 individuals survived in the ADL treatment and 28 of 30 in the BDL treatment. Random pairing for weighing resulted in sample sizes of 12 and 14, respectively. An unpaired t-test was applied to the data. Percent water content of amphipods maintained at the ADL site (72.4 AE 0.9%) did not differ significantly (t 24 5 0.41, P 5 0.69) from that of amphipods at the BDL site (72.6 AE 1.2%). In the laboratory experiment, 14 of 30 individuals survived in the ADL treatment and 26 of 30 in the BDL treatment, providing sample sizes of 7 and 13, respectively, for an unpaired t-test. Amphipods maintained in ADL water (72.1 AE 1.2% water content) did not differ significantly (t 18 5 1.35, P 5 0.25) from those in BDL water (73.0 AE 1.8%).
Chemical manipulation.-In all treatments some mortality occurred before molting, but did not differ significantly among treatments by Kaplan-Meier/ Tarone 148(2) THE AMERICAN MIDLAND NATURALIST P 5 0.90), so the data were collapsed across the second factor for multiple comparisons between treatments.
Amphipods in the BDL treatment survived an average of 9.8 d postmolt (Fig. 2) , significantly longer than amphipods in the ADL treatment, which survived an average of 1.9 d (q 5 8.55, P , 0.001). Increasing pH by the addition of NaHCO 3 did not significantly change survival in comparison to the ADL treatment (mean survival 5 2.2 d, q 5 0.31, P 5 0.09), nor did the addition of NaCl (2.1 d, q 5 0.23, P . 0.5). However, addition of CaCl 2 resulted in a mean survival of 9.6 d, which is significantly longer than that in the ADL treatment (q 5 9.92, P , 0.001), but not significantly different from the BDL treatment (q 5 0.38, P . 0.5). The results of the single Pogonia Stream experiment were very similar to those for Berkeley Stream (Fig. 2) . The effect of treatment was significant (F 2, 14 5 24.64, P , 0.001). Amphipods in the BDL treatment survived an average of 9.0 d postmolt, significantly different than for those in the ADL treatment, which survived an average of 1.5 d (q 5 8.49, P , 0.001). However, addition of CaCl 2 resulted in a mean survival of 11.2 d, which is significantly longer than for the ADL treatment (q 5 9.22, P , 0.001), but not significantly different from the BDL treatment (q 5 1.13, P 5 0.33). All molting amphipods in the NaCl and NaHCO 3 treatments died within a single day of molting (n 5 5 and 8, respectively).
In all cases, amphipods maintained under ''short survival'' conditions (i.e., 1-2 d mean survival, as in unmodified ADL water or ADL water modified with NaHCO 3 or NaCl) died within the observation period; thus, mean survival times are accurate. For amphipods in ''long survival'' conditions (i.e., 9-10 d mean survival, as in BDL water or ADL water modified with CaCl 2 ), many individuals were alive at the end of the 14 d observation period. Therefore, these mean survival times are underestimates of true survival, and, hence the actual difference between ''short survival'' and ''long survival'' is greater than the respective means indicate. The 14 d limit also prevents determining if total survival time in the CaCl 2 treatment would have been equivalent to that in the BDL water.
DISCUSSION
Our findings provide both circumstantial and direct evidence that the restriction on amphipod distribution in the study streams results from chemical limitation, specifically a need for more calcium at the time of molt.
The displacement/survival experiments provide evidence that the absence of amphipods in upper reaches is not attributable to interactions with other species. Although, as noted earlier, fishes are not present, the stonefly Eccoptura xanthenes appears to be common in the same upper areas of both streams where amphipods are absent. Eccoptura xanthenes is known to be an active predator (Stewart, 1993) and in the laboratory will readily attack and consume Gammarus pseudolimnaeus (G.M. Capelli, pers. obs.) . Salamanders (species unidentified) also occur and may be potential predators. However, the cages eliminated access by predators larger than 2 mm. In light of the dominance of amphipods throughout most of the stream, it does not appear that they suffer a competitive disadvantage in relation to any other species; in any case, cages also would have eliminated any direct competitive interactions.
The pattern of mortality in cages above the DL provides insight into the possible cause. Most or all individuals probably would have molted within the 32 d observation period (Pennak, 1989; G.M. Capelli, pers. obs.) ; however, molting is not synchronized within the population. Thus, the steady decline in numbers resulting ultimately in 100% mortality is consistent with the hypothesis of individuals surviving during intermolt but dying quickly as they molted.
Amphipods maintained in water of varying conductivity in both the field and the laboratory generally showed only slight and insignificant differences in body-water content, without any trend toward higher water content in upstream areas, even in the very dilute ADL water. Therefore, a general osmoregulatory failure does not prevent intermolt animals from living further upstream. In a survey of streams of varying pH and ionic content, Glazier et al. (1992) also found no connection between body composition, such as body-water content and water chemistry, although the authors suggest that some physiological stress might be acting since they found a significant correlation between calcium and population density.
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148(2) THE AMERICAN MIDLAND NATURALIST The chemical manipulation experiments provide direct evidence that ambient calcium level at the time of ecdysis is the key variable limiting upstream movement; however, the specific mechanism involved in death versus survival is unknown. The amphipod Gammarus pulex at ecdysis loses about 96% of its calcium into solution or in the form of its exudate (Wright, 1980) . Immediately thereafter, calcium balance is shifted to rapid uptake, with the rate and degree of calcification dependent on ambient calcium level (Wright, 1980; Alstad et al., 1999) and pH (Malley, 1980) .
In crustaceans, permeability to water can increase by as much as two times intermolt levels during ecdysis (Lockwood and Inman, 1973) . Increased water uptake results in swelling, which aids in the expansion of the formative exoskeleton. However, with the loss of the exoskeleton barrier, this is probably the period of greatest osmotic stress (Hargeby and Petersen, 1988) . In addition, calcium lost during ecdysis may increase the permeability of the epithelium. In fish gills, calcium is bound to negatively charged proteins on the surface of the epithelium at tight junctions, stabilizing the membrane and lowering membrane permeability (McDonald, 1983; Hunn, 1985) . Fish mortality in lower pH water may result from ionoregulatory failure caused by loss of such calcium (McDonald et al., 1980) . However, understanding of the effect of pH and calcium concentration on membrane permeability and ion regulation in crustaceans is not well developed. Little information is available for freshwater crustaceans concerning ion regulation as a function of calcium or pH level and there are reports suggesting ambient calcium does not influence membrane permeability; Potts and Fryer (1979) reported that calcium level had little effect on sodium loss in the cladocerans Daphnia magna and Acantholeberis curvirostris. Nevertheless, it is reasonable to hypothesize that Gammarus pseudolimnaeus may be able to maintain sufficient body calcium, and an impermeable membrane, during intermolt in ADL water, but mortality may result from osmotic problems stemming from insufficient calcium uptake at molt. Differences in body-water content may manifest during molting, but be masked in a population with an asynchronous molting pattern.
The possible role of food in these considerations is unclear. Osmoregulation in dilute waters may be especially energetically costly for amphipods (Nery and Santos, 1993; Glazier and Sparks, 1997; Glazier, 1998) . Detritus from beech is abundant below, at and above the distribution limit, but is a relatively poor source of nutrition (Iverson, 1973) . We did not measure food uptake in our chemical manipulation experiments but only a few amphipods appeared, based on informal observation, to consume any of the beech leaf material. Fungal colonies associated with leaf detritus are important in palatability and nutritional considerations for amphipods and are influenced by water chemistry (Bärlocher and Kendrick, 1973; Bärlocher, 1985) . Water chemistry in which amphipods are maintained, or in which food was conditioned, can influence food consumption (Glazier 1998) . It is possible that changing chemical conditions at the distribution limit affected detrital associates, palatability and nutritional content, and we cannot completely rule out food variation as a factor in amphipod distribution in our streams. However, the limited consumption of food by the amphipods in the chemical manipulation experiments in all treatments suggests that food consumption itself is not responsible for the observed differences in mortality. In addition, Gammarus minus from low pH springs had higher respiration rates than those from circumneutral springs (Glazier, 1998) . However, manipulation of H 1 ion concentration in our experiments had no influence on mortality, and thus, was not a critical factor in our study.
There are frequent suggestions in the literature that calcium level or its common correlates (alkalinity, total hardness, pH) are relevant to amphipod distribution. However, there appear to be no field studies that systematically analyze this variable in a way that clearly distinguishes its effect from other potential factors, or which analyze specific field observations through laboratory experimentation. Our streams are particularly useful for this kind of study because the primary within-habitat variation in each is the chemical gradient; other factors such as temperature, oxygen, substrate and food supply appear to be broadly similar throughout.
In an extensive multivariate analysis of 67 northern Wisconsin lakes, Capelli and Magnuson (1983) reported that three species of orconectid crayfish apparently require a minimum Ca 21 level of about 2.5 mg/l, but that above this level there is no relationship between calcium and crayfish abundance. This is broadly consistent both with our finding of a Ca 21 level of 1-2 mg/l at the amphipod distribution limit, and with the lack of any apparent relationship between this variable and amphipod abundance downstream (Mahon, 1997) . A similar apparent threshold of pH ;6 and specific conductance of 25 lmhos/cm has been observed for the amphipod Gammarus minus (Glazier et al., 1992) .
A substantial portion of the range of Gammarus pseudolimnaeus encompasses the Great Lakes area, where calcareous materials are generally low. Many aquatic habitats in that region probably have chemical conditions similar to those near our distribution limit (see, for example, chemical data in Black et al., 1963) . A study of the relationship between chemical variables and amphipod distribution in this area would be valuable in assessing how generally applicable our findings are. Further studies also are needed to determine the exact taxonomic and ecological relationship of our geographically isolated population to the more widespread population of G. pseudolimnaeus.
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